HE insula, or island of Reil, forms the base of the sylvian fissure and constitutes the invaginated portion of the cerebral cortex that covers the claustrum and the basal ganglia. Adequate visualization of the insula requires that the sylvian fissure be opened along its entire length. The insula is one of the paralimbic structures known as the mesocortex, which is anatomically and functionally interposed between the allocortex and neocortex. 15 The insula has long been a subject of research and speculation; however, the distinct realm of its function continues to elude us. It has been described as a visceral sensory area, visceral motor area, supplementary motor area, vestibular area, and an area related to certain aspects of speech and/or language. 1, 15, 17 Broad concepts outlining certain features related to the insula are available, but firm definitions identifying its anatomical connections and established conclusions concerning its functions remain to be investigated. The insula can be the site of pathological processes such as neuroepithelial and meningeal tumors and vascular malformations; hence, knowledge of the anatomy and vascularization of the insula is essential for performing meticulous surgery in this region.
middle, and posterior short insular gyri, as well as the accessory and transverse gyri at its anteroinferior region. The gyri of the anterior insula fuse to form the insular apex, which is its most superficial area. The posterior insula consists of the anterior and posterior long insular gyri, which are separated by the postcentral insular sulcus. The insula constitutes the cortical covering that lies over the claustrum and putamen of the lentiform nucleus.
Segments of the MCA
The MCA is the most complex of all cerebral vessels (Fig. 1 ). This artery is divided into five major segments: M 1 through M 5 . The M 1 (sphenoidal) segment extends from the bifurcation of the ICA to the main MCA bifurcation, which is located adjacent to the limen insulae. The M 2 (insular) segments extend from the main bifurcation to the periinsular sulci and the M 3 (opercular) segments extend from the periinsular sulci to the lateral surface of the brain in the sylvian fissure. The M 4 (parasylvian) segments are located on the parasylvian surface of the brain and the M 5 (terminal) segments constitute distal extensions of the M 4 segments. 5, 7, 9, 16, 18, 19, 21, 22, 25, 34, 35, 38 
Materials and Methods
The microsurgical anatomy of the arteries of the insula was studied in 20 formalin-fixed human cadaver brains (40 hemispheres). The ICA and vertebral arteries were dissected and cannulated at the neck, after which they were perfused with red latex to enhance their visibility. Following removal of the calvaria, the dura was opened carefully, the arachnoidea and pia were separated, and the sylvian fissure was opened. The origin, caliber, number, and course of the LLAs were studied with the aid of the operating microscope by using ϫ 6 to ϫ 40 magnification. The cortical branches of the MCA could thus be demonstrated and their territories analyzed. Removal of the orbitofrontal, frontoparietal, and temporal opercula revealed the M 1 to M 5 segments of the MCA. Particular care was taken to preserve the pia that lay over the insular surface during removal of the opercula. The arteries of the insula were studied, placing particular emphasis on locating their origin and determining their number, diameter, and territory. In two specimens, coronal sections were explored to investigate the subcortical territory of the insular arteries. In three specimens, using the fiber-dissection technique, we defined the white matter pathways and dissected them in a stepwise fashion, promoting a precise study of the LLA territories in the putamen, globus pallidus, anterior commissure, and internal capsule.
Results

Sphenoidal (M 1 ) Segment of the MCA
In all specimens the ICA bifurcated into the MCA and ACA at the central portion of the anterior perforated substance. The M 1 segment of the MCA coursed laterally and superiorly within the sylvian vallecula in the depths of the sylvian fissure and around the limen insulae to the insular apex, where it formed a genu. The average angle of the genu measured 97˚ (range 90-130˚). The average distance of the genu from the limen insulae measured 4.8 mm (range 2-9 mm). The average diameter of M 1 segment was 3.21 mm (range 2.6-4 mm) and the average length was 23.4 mm (range 15-38 mm). The course of the M 1 segment within the sylvian vallecula was found to be anterosuperior, superior, or posterosuperior. The demarcation distinguishing the M 1 from the M 2 segment is the bifurcation of the MCA, which is located at the genu of the MCA, adjacent to the limen insulae (Fig. 2) . We designated this particular bifurcation of the MCA as the main bifurcation. In 23 hemispheres (57.5%), the main bifurcation was located at the genu. In an additional 11 hemispheres (27.5%), the main bifurcation was located 4 to 10 mm distal to the genu and, in the remaining six hemispheres (15%), it was located 5 to 8 mm proximal to the genu. In two (5%) of the 40 hemispheres, the temporal branch of the M 1 segment was strong and in one other hemisphere (2.5%) the frontal branch was strong, distinctly resembling the main bifurcation of the MCA; thus it was named a "false bifurcation." 34, 35 Variations of the M 1 segment and the main bifurcation site of the MCA are described in detail in previous publications by the senior author (M.G.Y.). 34, 35 The anatomical patterns followed by branches of the M 1 segment were observed to vary. They can be divided into two groups according to their territory of supply, the cortical arteries, and the LLAs.
Cortical Arteries. In 38 hemispheres (95%) the M 1 segment gave rise to one to three major cortical branches, which were mainly located on the lateral aspect of M 1 segment (75.8%), supplying the temporal lobe, or on the medial aspect of the segment (24.2%), supplying the frontal lobe. In seven hemispheres (17.5%), we found one and, occasionally, two small arteries (uncal arteries) 0.3 to 0.5 mm in diameter, supplying the piriform cortex. We did not designate this as a major cortical artery. The variations followed by the major cortical branches of the M 1 segment were classified into four types (Fig. 3) . In Type A the M 1 segment gives rise to a temporal (lateral) branch. This was observed in 23 hemispheres (57.5%); in 17 hemispheres (42.5%), there was one temporal branch; in five hemispheres (12.5%), there were two temporal branches; and in one hemisphere (2.5%) there were three temporal branches. In Type B the M 1 segment gives rise to temporal (lateral) and frontal (medial) branches. This was observed in 14 hemispheres (35%); in 11 hemispheres (27.5%), there was one temporal and one frontal branch and, in three hemispheres (7.5%), there were two temporal and one frontal branch. In Type C the M 1 segment gives rise to a frontal branch only and no temporal branch. This was observed in one hemisphere (2.5%). In Type D the M 1 segment gives rise to no major cortical branches apart from the LLAs and uncal arteries. This was observed in two hemispheres (5%).
Lateral Lenticulostriate Arteries. In all hemispheres the M 1 segment gave rise to the LLAs, located mainly on the inferomedial aspect of the M 1 segment within the sylvian vallecula. These arteries penetrated to the central and lateral portions of the anterior perforated substance, playing an important role in the blood supply of the substantia innominata, putamen, globus pallidus, head and body of the caudate nucleus, internal capsule and adjacent corona radiata, and the lateral portion of the anterior commissure. divided into many smaller branches. We observed at least one large, maximum four, LLAs in each hemisphere. The origins of the LLAs varied. Seventy-eight percent originated from the M 1 segment, usually on the inferomedial aspect. In 18%, however, the LLAs originated from a frontal or temporal branch and, in 4%, the LLAs originated from the superior or inferior trunk of the M 2 segment and were located near to the main bifurcation of the MCA. There were no communications among the branches of LLAs in the subarachnoid space. In 15 hemispheres (37.5%), the M 1 segment gave rise to a frontal branch (lateral orbitofrontal artery) and, in nine hemispheres (22.5%), this frontal branch gave rise to strong LLAs (Fig.  2 lower) . In the remaining six hemispheres (15%), the LLAs arose directly from the M 1 segment, in proximity to the origin of the frontal branch. Following their branching from the M 1 segment, the LLAs turned abruptly, forming an acute angle at their origins, and coursed medially 4 to 5 mm, before turning superiorly to enter the lateral portion of the anterior perforated substance. Viewed laterally, the LLAs revealed a fanlike pattern, beginning at the base of the brain and radiating to extend over almost the entire internal capsule (Fig. 4) . In 22 hemispheres (55%), the small branches of the M 1 segment were observed to contribute to the vascularization of the insula. Between one and six arteries arose from the distal M 1 segment and supplied the region of the limen insulae. In 25 hemispheres (62.5%), the lateral orbitofrontal artery arose from the M 1 segment, extending branches to supply the transverse and accessory insular gyri; this artery became the M 3 segment and the M 2 segment was absent. Similarly, when the temporal polar and anterior temporal arteries arose from the temporal branch of the M 1 segment on its lateral aspect, the M 2 segment of these arteries was also absent and no branches supplied the insula.
Insular (M 2 ) Segment of the MCA
The MCA was observed to divide into superior and inferior trunks, usually at the level of the limen insulae, and the trunks coursed over the insular cortex as the M 2 segment. In 35% of hemispheres, the superior trunk was larger than the inferior trunk; in an additional 15% of hemispheres they were equal; and in the remaining 50% of hemispheres, the inferior trunk was larger. The average diameter of the superior trunk of the M 2 segment was 2.51 mm (range 1.6-3 mm) and the average diameter of the inferior trunk of the M 2 segment was 2.35 mm (range 1.3-3 mm). The angle between the superior and inferior trunks of the M 2 segment was found to vary; the average was 91º (range 35-160º). In three hemispheres (7.5%), either the superior or inferior trunk of the M 2 segment gave rise to one or two small LLAs, immediately after the bifurcation.
In 22 hemispheres (55%) either the superior or inferior trunk of the M 2 segment (whichever trunk was more dominant) bifurcated again distal to the main bifurcation, giving rise to an "intermediate trunk." In 18 hemispheres (45%), this intermediate trunk arose from the superior trunk and, in the remaining four hemispheres (10%), it arose from the inferior trunk. In five hemispheres (12.5%), this second bifurcation (intermediate trunk) occurred close to the main bifurcation, giving the impression of a trifurcation. In an additional hemisphere (2.5%), both the superior and inferior trunks bifurcated immediately after the main bifurcation, resembling a quadrifurcation.
At the region of the limen insulae, not always are just the superior and inferior trunks of the MCA encountered; sometimes three to five truncal arteries are encountered as well. Along the superior and inferior periinsular sulci, the M 2 segment had an average of 9.6 branches (range eight-12 branches), before becoming M 3 segment. These branches arose mainly from the superior trunk and branched further over the anterior insula.
In each hemisphere, the prefrontal artery was located in the region of the anterior insular point (Figs. 1, 4 upper, and 5). The prefrontal, precentral, and central arteries, and, in 22.5% of the hemispheres, the anterior and posterior parietal arteries fanned out over the insula from the superior trunk. They predominantly supplied the anterior portion of the insula. On reaching the superior periinsular sulcus these branches angled sharply to become the M 3 segment, the so-called "candelabra arteries." In each hemisphere the central artery, or the trunk that included the central artery, traveled either partially or totally along the central sulcus of the insula (Figs. 1, 4 upper, and 6). It was never observed to originate from the frontal or temporal branches that arose from the M 1 segment. The central insular sulcus is the most vascularized portion of the insula. At the region of the posterior insular point, one or two arteries were observed to course to the postinsular sulcus to become the M 3 segment and, later to divide to become the M 4 segment on the surface of the cerebral cortex at the posterior aspect of the sylvian fissure. These arterial branches represent the continuation of the MCA along the sylvian fissure and, subsequently, over the posterior portion of the insula, providing multiple insular arteries. The posterior parietal artery was always observed to arise from these branches (Figs. 1 and 4 upper) . The central artery was observed to arise from these branches in three hemispheres and from the anterior parietal, posterior parietal, angular, and temporooccipital arteries in four additional hemispheres. The posterior and middle temporal arteries arose from the inferior trunk of the M 2 segment and coursed along the region of the inferior periinsular sulcus to become the M 3 segment. The temporal branch, which arises from M 1 , always courses laterally to other M 2 segments, which are located over the surface of the insula.
Opercular (M 3 ) Segment of the MCA
The course of the M 3 segment's complex of arteries commences in the anterior, superior, and inferior periinsular sulci, continues along the hidden medial surface of the opercula, and becomes the course of the M 4 segments on the surface of the sylvian fissure (Fig. 5) . The M 3 segments pass over the insula parallel to the M 2 segment, but extend in opposite directions. The M 3 segments supplied the medial surface of the opercula; however, in 10 hemispheres (25%), they also gave rise to one or two small insular arteries, which supplied the region of either the superior or inferior periinsular sulcus. The lateral orbitofrontal and temporal polar arteries demonstrated a particular characteristic: when these arteries arose from the M 1 segment, they immediately became the M 3 segments, giving no branches to the insula. 
Parasylvian (M 4 ) and Terminal (M 5 ) Segments of the MCA
The M 3 segments course laterally to exit the sylvian fissure and become M 4 segments on the lateral surface of the hemisphere. The M 4 and M 5 segments consist of 12 main arteries, which have been documented and named in earlier publications according to their territories of supply. 7, 9, 34, 35 These include lateral orbitofrontal, prefrontal, precentral, central, anterior parietal, posterior parietal, angular, temporooccipital, posterior temporal, middle temporal, anterior temporal, and temporal polar arteries (Fig. 1) . No branches from the M 4 and M 5 segments were observed to supply the insula.
Arteries Supplying the Insula
The insula receives its blood supply predominantly from the M 2 segment. An examination of 40 hemispheres revealed 75 to 104 insular arteries originating from this segment. However, in 22 hemispheres (55%), between one and six insular arteries arose from the distal M 1 segment and supplied the region of the limen insulae. In 10 hemispheres (25%), one or two insular arteries arose from the M 3 segment and supplied the region of either the superior or inferior periinsular sulcus. We observed no branches to the insula from the M 4 and M 5 segments. In each hemisphere, an average of 96 insular arteries (range 77-112 insular arteries) were found supplying the insula (Figs. 4 upper, 6, and 7) . The average diameter of these arteries was 0.23 mm (range 0.1-0.8 mm). An average of 9.9 insular arteries (range four-14 insular arteries) in each hemisphere resembled perforator arteries, and their distribution occasionally reached as far as the corona radiata (Figs. 7 and 8) . We sometimes observed a larger caliber insular artery that coursed along the surface of the insula and then looped laterally, providing branches to both the insula and the medial surface of the operculum. We named this artery the "insuloopercular artery" (Fig. 4 upper) . Approximately 85 to 90% of insular arteries were short and supplied the insular cortex and extreme capsule; 10% were medium sized and also supplied the claustrum and external capsule; and the remaining 3 to 5% were long and extended as far as the corona radiata (Fig. 8) . The long insular arteries were perforator-like and mostly located in the posterior region of the insula. The putamen, globus pallidus, and internal capsule were vascularized by the LLAs (Fig. 4 lower) . The external capsule was found to be the border of territories supplied by the LLAs and the insular arteries. We observed no gross communications between the insular arteries and LLAs.
Discussion
The MCA is the most complex of the cerebral vessels. This artery supplies almost the entire lateral surface of the hemisphere, as well as the insula, the lentiform nucleus, and the internal capsule. Microsurgical anatomy of the MCA, especially that of the M 1 segment and the LLAs, has been examined and analyzed in detail in many studies. [2] [3] [4] [6] [7] [8] [9] [10] [11] [12] [13] [14] 16, [18] [19] [20] [21] [22] [24] [25] [26] [27] [28] [29] [30] [31] [32] [33] [34] [35] [36] It is well known that chronic hypertension induces pathological changes in cerebral vessels, resulting in either their occlusion or rupture, which leads to lacunar infarctions or intracerebral hemorrhages, respectively. The most common site of a spontaneous intracerebral hemorrhage is the lenticular region, observed in 35 to 50% of patients. 25 Because lenticular structures are located within the territory of the LLAs and Heubner's artery, when hemorrhage is suspected to have occurred from these vessels, the importance of being familiar with the anatomy of the LLAs is clearly of great relevance. Marinković and colleagues 12 observed between three and 18 LLAs (average nine LLAs). They explored and described every single origin of the LLAs and found no communications among these vessels in either their extracerebral 12 or intracerebral segments. 13 Duret 3 has claimed that the LLAs course laterally as far as the putamen. He has asserted, moreover, that the more lateral structures, such as the claustrum and external capsule, derive their blood supply from vessels penetrating the insula. Beevor 2 has concurred with Duret, 3 confirming this lateral boundary of the LLAs. Both have stated that no communications exist among the lateral LLAs and the insular arteries. Shellshear 23 injected a coloring agent into the MCA after ligating the M 2 segment. He discovered injection material in the striatum, claustrum, and external capsule, whereas the insular cortex was clear. Our study confirmed that the external capsule is the margin of territories supplied by the LLAs and the insular arteries. We found no gross evidence of communications between these two arterial systems. Insular arteries can be coagulated to devascularize intrinsic tumors and vascular malformations in the insular region, without damaging the vascularization of the putamen and internal capsule. [37] [38] [39] However, long insular arteries should be preserved because of possible infarction in the corona radiata (Fig. 8) . Some striate AVMs have been observed to receive their blood supply from these two groups of arteries, which indicates the potential existence of microcommunications between the LLAs and the insular arteries (Fig. 9) .
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Arteries of the insula The frontal branch, which originates from the M 1 segment, is of surgical significance. 34, 35 In two hemispheres (5%), the the LLAs arose from the frontal branch of the M 1 segment (Fig. 2 lower) . An aneurysm located in this region of the M 1 segment can be mistakenly diagnosed as an MCA bifurcation aneurysm. During surgery, a clip applied to the aneurysm can occlude those LLAs that arise from the frontal branch, often close to the origin of the frontal branch at the M 1 segment. This maneuver can result in postoperative hemiplegia in the patient. It is important to be aware that LLA can also arise in proximity to the MCA bifurcation and, occasionally, from the superior or inferior trunk of M 2 . The exact location and relationship of these vessels to the aneurysm is an important consideration to take into account both before and during surgery. The configuration of the LLAs and related arteries can be determined on detailed angiography, and their location can be verified at surgical exploration.
Umansky, et al., 29 have described the detailed anatomy of proximal segments of the MCA. Their study confirms that microvascular reconstructive surgeries, such as anastomosis, grafting, and reimplantation of arterial branches, are viable procedures in the insular area. They observed that the M 2 segment could be raised 3 to 5 mm without stretching the pial vessels supplying the insula. They also noted that the M 2 segment offers potential for performing a microvascular anastomosis. It is important, however, to be fully aware which cortical branch of the M 4 segment originates from which trunk of the M 2 segment. It is especially relevant to investigate which trunk of the M 2 supplies the central region. Our observations revealed that the trunk at which the central artery originates always courses along part or all of the central insular sulcus. The origin and course of the anterior and posterior parietal and angular arteries also demonstrate special characteristics. Both travel over the long insular gyri to the posterior insular point and continue within the postinsular sulcus in the depth of the sylvian fissure, each as part of the M 3 segment. Angiography reveals distinctive configurations of these arteries, giving the appearance of a posterior extension of the MCA.
We experienced difficulty in determining both the conjunction of the M 1 and M 2 segments and the location of the main bifurcation of the MCA. According to the literature this issue remains controversial, creating confusion regarding the true pattern and measurement of the M 1 segment. 7, 34, 35 In 7.5% of our hemispheres, frontal or temporal branches of the M 1 segment were strong. They resembled the MCA bifurcation and, thus, inhibited conclusive identification of its true location. Yasargil 34, 35 has termed this variation a "false bifurcation." Because the LLAs characteristically originate from the M 1 segment, localizing the LLAs and their origins can be important for distinguishing the main MCA bifurcation.
Terminology used to indicate a bifurcation, trifurcation, or quadrifurcation of the MCA generates further confusion. We belive that the MCA has a main bifurcation; however, we wish to supplement our findings and comment on two observations. In 12.5% of hemispheres, the intermediate trunk passed close to the main bifurcation, giving the impression that there was an MCA trifurcation. In 2.5% of hemispheres, both superior and inferior trunks bifurcated immediately after the main bifurcation, giving the impression that there was an MCA quadrifurcation. In cadaver specimens examined by Umansky, et al., 28 the authors observed a bifurcation of the MCA in 66% of hemispheres, a trifurcation in 26%, and a quadrifurcation in 4% of hemispheres. Gibo, et al., 7 observed a bifurcation of the MCA in 78% of hemispheres, trifurcation in 12%, and division into multiple trunks in 10% of hemispheres in their study of cadavers.
In our specimens we did not observe an accessory MCA, duplication of the MCA, or fenestration of the M 1 segment. Several authors have reported observing an accessory MCA, which arises from the ACA, follows a similar course to that of Heubner's artery, and seldom gives rise to perforating branches. However, cortical branches to the lateral portion of the orbital surface of the frontal lobe have been observed. This variation was observed in 0.3 to 3% of hemispheres according to a number of authors. 7-10, 24,28,29,31,32,34,35 The term "duplication" of the MCA (two MCAs arising as a pair from the ICA), was probably introduced by Teal, et al., 26 and has since been presented in other literature. 7, 28, 29, 31, 32, 34, 35 Fenestration of the M 1 segment has also been described in the literature. 28, 34, 35 
Conclusions
In this study we have explored and examined in detail the complex vascularization of the insula. We have endeavored to define, describe, and clarify the intricate vascular patterns and various arterial pathways, with reference to the microsurgical anatomy of this region. We have done so for the purpose of incorporating, coordinating, and combining this knowledge into the surgical planning process and the surgical procedure to remove a pathological lesion.
